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Abstract 
 
The electricity assisted incremental sheet forming (E-ISF) is a new flexible forming 
method, which could further widen the application of the incremental sheet forming 
(ISF) SURFHVVRQFRQYHQWLRQDOµKDUG-to-IRUP¶PDWHULDOVVXFKDVtitanium alloy Ti6Al4V. 
However, in the E-ISF process, challenges remain in the rough surface finish of formed 
parts and severe tool wear. To overcome this problem, various novel tools have been 
designed for the improvement of surface quality in this paper. To validate the designed 
tools, experiments were conducted on hot ISF of Ti6Al4V sheets with an initial 
thickness of 1 mm. By comparing the tool temperature and the surface finish, different 
tools were evaluated. The result suggests that by introducing a design for water cooling, 
tool wear can be reduced whilst the surface finish can be improved by employing a 
roller ball at the tool tip. 
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1. Introduction 
Incremental sheet forming (ISF) is a competitive manufacturing route for flexible 
and rapid forming of complex sheet metal products. Comparing to traditional sheet 
forming processes such as stamping, it could form parts without the use of specific 
dies and forming press, which would enable significant reduction of both 
manufacturing cost and lead time as well as energy consumption. TKLVSURFHVVLVD
SDUWLFXODUO\ VXLWDEOH IRU SURGXFLQJ VPDOO EDWFKHG FXVWRPL]HG SURGXFWV WKDW FDQ EH
XVHGLQDXWRPRWLYHDHURVSDFHDQGELRPHGLFDOVHFWRUV 
,QUHFHQW\HDUVOLJKWZHLJKWDOOR\Vhave been increasingly used for applications in 
such as automotive industry where both high performance and high energy efficiency 
are critical considerations. However, the lightweight alloys are usually the so-called 
³hard-to-form´ materials with poor ductility at room temperature. Although the ISF 
process could potentially increase the formability, manufacturing of OLJKWZHLJKWDOOR\V 
such as 7L$O9 E\ XVLQJ ,6) LV VWLOO D FKDOOHQJH %\ LQFUHDVLQJ the forming 
temperature, the hot ISF approach can be a possible solution. In recent years, a variety 
of heat-assisted ISF techniques were conducted to improve the ISF performance. 
Various methods of heat generation in ISF have been reported including by using hot 
air blowers [1], conduction with a forming chamber [2], radiation by a laser beam [3-
6], friction through tool rotation [7-9] or Joule heat by DC current [10-14].These 
technologies greatly enhanced the ISF capabilities in fabrication of lightweight alloys. 
&RPSDULQJZLWKDOOUHSRUWHGPHWKRGVDVPHQWLRQHGDERYHWKH,6)SURFHVVDVVLVWHGE\
HOHFWULFKHDWLQJVKRZVPRUHHFRQRPLFDOEHQHILWVWKDQWKHRWKHUPHWKRGV7KLVPHWKRG
LVHDV\WRLPSOHPHQWHIILFLHQWLQKHDWLQJLQGHSHQGHQWRISDUWJHRPHWU\DQGHDV\WR
FRQWUROWHPSHUDWXUH  
$OWKRXJKWKHHOHFWULFheating assisted ISF approach shows better performance 
during ISF process in terms of force reduction, accuracy improvement, and formability 
enhancement, the surface quality obtained was not always satisfactory. This may be 
due to the chemical reaction induced by excessive heating, such as oxidation and severe 
surface scratches due to poor friction condition at tool-sheet interface under high 
temperature conditions. In addition, long processing time under high-temperature 
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conditions would also cause severe tools wear, which causes an even worse sheet 
surface quality. Furthermore, the poor surface finish and defects cause weak spots on 
the sheet, which may result in an early fracture of components. Thus sheet surface finish 
is an important consideration in developing hot ISF process for both sufficient surface 
quality and mechanical performance.  
Concerning surface quality improvement in hot ISF, a possible solution is to 
improve the lubrication. Fan et al [11] employed an self-lubricating Ni disulfide metal 
matrix composite to form Ti6Al4V sheet. Zhang et al [15] found that the Nano-
K2Ti4O9 whisker enhanced solid graphite lubrication and the solid graphite/MoS2 
powder-based porous ceramic coating could provide an excellent lubrication condition 
in ISF processing of AZ31 sheet. In both cases, good surface quality of the formed parts 
was obtained. However, the coating approach may require complex pre-forming 
processing, which can be both time consuming and expensive.  
Another possible approach is to improve the forming tool design to reduce the 
friction. In the conventional ISF process, rigid tool with hemispherical head is 
employed. The tool may be made of various materials e.g. tungsten carbide [3, 4, 10-
12], die steel [5, 6], high speed steel [7, 13], H13 hot work steel [8], air-hardened D2 
[9] and BOHLER K100 tool steel [14]. In some cases, wear-resistant or friction - 
reduction coating may be applied to the tool tip [3-6]. However, the friction between 
tool and sheet is sliding friction, which may inevitably cause scratches on the sheet 
surface under hot condition. 
In this paper, novel forming tools were developed and investigated to improve 
the surface finish in the E-ISF process. Different forming tools including a conventional 
rigid tool, a water cooled rigid tool, a roller-ball tool and a roller-wheel tool were 
developed and tested. Experiments were conducted for hot forming of Ti6Al4V sheets 
with the effect of the surface finish evaluated by using different tools. The results 
suggested that by cooling down the tools and employing the rolling tool head design, 
tool wear can be reduced and the surface finish can be improved.  
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2. Development of Hot Forming Tools 
Ti6Al4V is a challenging sheet material to be used in E-ISF processing. This 
titanium alloy has high strength-to-density ratio and corrosion resistance. However, the 
formability of Ti6Al4V is poor at room temperature. According to previous studies, 
when the forming temperature is over 500ºC, the plasticity of Ti6Al4V can be improved 
and the yield stress reduced r to about 50% [16]. Concerning the E-ISF of Ti6Al4V, 
Fan et al [11] suggested that a temperature range of 500~600ºC is suitable for Ti6Al4V 
to be formed with higher workability. In the E-ISF process, to maintain the working 
temperatures on the sheet, electric current continuously passes through the tool, which 
results in considerable amount of accumulated heat to cause a high tool temperature. 
The high working temperature may cause tool oxidation and tool wear [10, 11] and this 
leads to lowered surface quality and  scratches [5]. To reduce the tool temperature, 
tool oxidation and improve the sheet surface quality, three major approaches were 
employed in this work: 
 1) Employment of high temperature alloy: other than the steel, high temperature nickel 
alloy GH4169 was employed in the tool design and development. In this way, the tool 
oxidation may be minimized.  
 2) Water cooled tool design: cooling channel is designed in the tool for reduced tool 
temperature by the water cooling approach. 
 3) Employment of rolling tool tip: other than sliding friction condition from the rigid 
tool, roller ball or roller wheel is designed at the tool tip to improve the friction 
condition. 
Based on these three major approaches, four different tools, including the rigid tool, 
the water cooled tool, the roller-ball tool and the roller-wheel tool were developed in 
this work as described in the following. 
 
3.1 Rigid tool 
'XULQJWKH(,6)SURFHVVKHDWZLOOJHQHUDWHRQWKHWLSRIWKHIRUPLQJWRROZKHQ
WKH HOHFWULF FXUUHQW SDVVHV WKURXJK WKH WRROVKHHW LQWHUIDFH 7R PLQLPL]H WKH WRRO
R[LGL]DWLRQQLFNHODOOR\*+LVXWLOL]HGWRSURGXFHWKHIRUPLQJWRRO$VVKRZQLQ
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)LJDULJLGWRROWLSLVGHVLJQHGZKLFKLVVLPLODUWRFRQYHQWLRQDOGHVLJQZKLOHWKHRQO\
FKDQJHLVIURPWKHWRROPDWHULDO7KLVWRROLVFRQVLGHUHGDVDEHQFKPDUNFRPSDULQJWR
RWKHUGHYHORSHGWRROV 
 
Fig. 1 Rigid tool and CAD model 
2.2 Water cooled rigid tool 
7RSUHYHQWRYHUKHDWLQJRIWKHWRROGXHWR WKHDFFXPXODWHGKHDWDZDWHUFRROHG
WRROZDVGHVLJQHGDVVKRZQLQ)LJ,QWKLVWRROVWHSSHGERUHVDUHGULOOHGWRIRUPD
FRROLQJ FKDQQHO ,Q WKLV ZD\ WKH DFFXPXODWHG KHDW FDQ EH WDNHQ DZD\ E\ WKH
FLUFXODWLRQRIZDWHUGULYHQE\DSXPS7KHWRROPDWHULDOLV*+QLFNHODOOR\8VLQJ
WKLVGHVLJQWKHWRROWHPSHUDWXUHLVH[SHFWHGWREHUHGXFHGLQWKH(,6)SURFHVV  
 
 
Fig. 2 Water cooling tool and CAD model 
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2.3 5ROOHUEDOOWRRO 
7KHSULQFLSOHRIUROOHUEDOOWRROZDVSURSRVHGE\.LPDQG3DUN>@/XHWDO>@
IXUWKHULQYHVWLJDWHGWKHIULFWLRQHIIHFWRIWKHUROOHUEDOOWRRO7KHVHZRUNVVXJJHVWHG
WKDWWKHUROOHUEDOOWRROZDVDEOHWRLPSURYHVXUIDFHTXDOLW\DWURRPWHPSHUDWXUHE\
FKDQJLQJIULFWLRQFRQGLWLRQIURPVOLGLQJLQWRUROOLQJ,QWKLVZRUNWKHFRQYHQWLRQDO
UROOHUEDOO WRRO LV UHGHVLJQHG IRU WKH KRW ZRUN FRQGLWLRQV $V VKRZQ LQ )LJ 
FRPSDULQJWRFRQYHQWLRQDOUROOHUEDOOWRRODZDWHUFKDQQHOLVGHVLJQHGLQWKHWRROWR
UHGXFHWKHWRROWHPSHUDWXUH7KHZDWHUIORZVRXWRIWKHWRROWKURXJKDVPDOOKROHDW
WKHEDOOFDS,QWKLVZD\WKHWHPSHUDWXUHRIUROOHUEDOOFDQDOVREHUHGXFHG:LWKWKH
ZDWHUFRROLQJWKHKHDWH[SDQVLRQFDQEHPLQLPL]HGWRHQVXUHWKHVPRRWKUROOLQJRI
WKHEDOO ,Q DGGLWLRQZKLOH WKH WRRO LVPDGH IURPVWHHO WKH UROOHUEDOO LVPDGHE\
QLFNHODOOR\WRUHGXFHWKHSRVVLEOHR[LGDWLRQRQWKHEDOOVXUIDFH 
 
 
 
Fig. 3 Roller-ball tool and CAD model 
 
2.4 5ROOHUZKHHOWRRO 
,QWKLVZRUNDQRWKHUWRROGHVLJQWRDYRLGVOLGLQJFRQGLWLRQLV WKHUROOHUZKHHO
WRRO$VVKRZQLQ)LJRWKHUWKDQDKHPLVSKHULFDOKHDGDUROOHUZKHHOLVSODFHGDWWKH
WRROHQG7KHZDWHUZDVSXPSHGLQWRWKHWRROWKURXJKDULQJDQGFRPHRXWRIWKHWRRO
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WKURXJKVPDOOKROHVLQWKHZKHHOKROGHU,QWKLVZD\WKHZDWHULQWKHWRROZLOOVSUD\RXW
RQWR WKHZKHHO WR UHGXFH WKHZKHHO WHPSHUDWXUH7KHZKHHO LVPDGHRI WKH*+
DOOR\WRPLQLPL]HWKHSRVVLEOHR[LGL]DWLRQ 
 
Fig. 4 Roller-wheel tool and CAD model 
 
,QWKH(,6)SURFHVVUDWKHUWKDQWKHUROOHUEDOOWRROWKHZKHHOFRXOGRQO\URWDWH
LQ RQH GLUHFWLRQ 7R NHHS WKH ZKHHO UROOLQJ GLUHFWLRQ SRLQWLQJ WR WKH WRRO PRYLQJ
GLUHFWLRQWKHWRROLVURWDWHGE\DVHUYRPRWRUFRQWUROOHGVSLQGOHRQWKH,6)PDFKLQH
DFFRUGLQJWRWKHSUHSDUHG1&SURJUDP  
 
3. The E-ISF machine and experimental setup 
Among the various heating assisted techniques proposed by researchers, electric 
hot incremental sheet forming(E-ISF) was adopted in this study by employing the 
developed tools in this study. A horizontal ISF machine was employed as shown in Fig. 
5. The forming tool moves in the X, Y, Z directions driven by the machine to 
incrementally deform the sheet. A thermal cameral is placed at the other side of sheet 
to measure the forming temperature. 
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Fig. 5 Experimental setup of E-ISF system 
  
Concerning the electric heating method, a DC power with maximum current of 
800A was employed and connected to the tool and the sheet clamp. The DC current 
flows through the forming tool, the sheet blank and the clamp to constitute a closed 
circuit. In this circuit, most of the heat is generated at the tool-sheet contact zone as the 
resistance of that area is much larger than the rest of the closed circuit. 
 
Fig. 6 Schematic of circuit connection in E-ISF 
 
In all the experiments, 1.0 mm thick Ti6Al4V sheet with size 180h180mm2 were 
chosen to form a truncated cone with an initial outer diameter of 90mm, a depth of 
20mm, and a wall angle of 45º, as shown in Fig. 7. A spiral toolpath with a constant 
incremental step size of 0.3mm was applied in the E-ISF process. TKHIHHGUDWHZDV
IL[HGDVPPPLQ52&2/FRSSHUEDVHGDQWLVHL]HFRPSRXQGZDVXVHGWRHQVXUH
ERWKJRRGOXEULFDWLRQDQGFRQGXFWLYLW\EHWZHHQIRUPLQJWRRODQGVKHHWEODQN:LWKWKH
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DVVLVWDQFHRIDWKHUPDOFDPHUDWKHG\QDPLFORFDOIRUPLQJWHPSHUDWXUHZDVPDLQWDLQHG
DWDERXWaºCE\DGMXVWLQJSURSHUFXUUHQWLQSXW 
 
)LJ'HVLJQHGWUXQFDWHGFRQHIRUWKHLQYHVWLJDWLRQRIVXUIDFHTXDOLW\ 
 
 ,QWKHH[SHULPHQW WKHIRXUGHYHORSHGWRROVDUHHPSOR\HG$ZDWHUSXPSZLWKD
ZDWHUWDQNLVXVHGWRIRUPDZDWHUFLUFXLWIRUWKHWRROVZLWKZDWHUFRROLQJGHVLJQIn the 
E-ISF process, forming temperature is a key parameter that affects the final quality of 
the sheet part. In this work, three temperatures including the maximum temperature on 
the sheet, the temperature evolution on a particular point on the sheet and the tool 
temperature were investigated. As shown in Fig. 8(a), WKH WKHUPDO FDPHUD ZDV
HPSOR\HGWRPHDVXUHWKHVKHHWWHPSHUDWXUH1RWHWKDWWKHVKHHWWHPSHUDWXUHLVPHDVXUHG
DW WKH EDFN RI VKHHW ZKLFK PD\ EH ORZHU WKDQ WKDW DW WKH WRROVKHHW FRQWDFW VLGH
&RQFHUQLQJWKHPHDVXUHPHQWRIWRROWHPSHUDWXUHWKHUPDOFRXSOHVZHUHSODFHGRQERWK
WKHULJLGWRRODQGWKHZDWHUFRROHGWRROWRPHDVXUHWKHWRROWHPSHUDWXUHDVVKRZQLQ)LJ
E+RZHYHUIRUWKHUROOHUEDOOWRRODQGWKHUROOHUZKHHOWRROWKHWRROWHPSHUDWXUH
ZDVQRWPHDVXUHG7KLVLVEHFDXVHWKHZDWHUFRPHVRXWIURPWKHWRROWLSDQGVSUD\RQ
WKHWKHUPDOFRXSOHZKLFKFDXVHLQDFFXUDWHWHPSHUDWXUHGDWHLQWKHH[SHULPHQWV 
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(a)                    (b) 
)LJ7HPSHUDWXUHPHDVXUHPHQW 
 
4. Experimental results 
)RUPLQJWHPSHUDWXUH 
 7KHHYROXWLRQRIPD[LPXPIRUPLQJWHPSHUDWXUHDQGWKHWHPSHUDWXUHDWSRLQW$DUH
JLYHQ LQFig. 9. As can be seen in the figure, during the ISF process, the maximum 
forming temperature on the sheet gradually increases to the target temperature of 500ºC 
and maintains at that level for all cases. Concerning the local temperature at point A, 
cyclic heating can be observed as the measured temperature oscillates: when the tool 
approaches the region where the point A locates, the temperature at the point 
periodically reaches its maximum value in every tool pass. When the tool moves away 
to a next location after the temperature achieves its peak value, the maximum 
temperature in the cycle could fall to a lower value. Comparing the rigid tool and the 
water cooling tool, similar trend of temperature variation can be observed at the point 
A. Comparing the rolling type tool with the rigid type tool, the variation of temperature 
becomes less obvious when the tool left the point A. This may be due to the different 
tool design: for both the roller-ball tool and the roller-wheel tool, the cooling water 
comes out of the tool other than recycling back to the water tank. The water was spray 
on the sheet which further cooled the sheet temperature down and reduced the cyclic 
heating effect. 
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      (a)                                (b) 
 
(c)           (d) 
)LJ&RPSDULVRQRIPD[LPXPVKHHWWHPSHUDWXUHD5LJLGWRROE:DWHUFRROLQJ
WRROF5ROOHUEDOOG5ROOHUZKHHO  
 
The variations of temperature for the rigid tool and the water cooled tool can be 
observed as shown in Fig. 10. Without water cooling, the temperature of the rigid tool 
increases rapidly in the first 100 seconds. After the initial stage, the temperature keeps 
increasing gradually and it is approaching 600ºC at the final stage. Concerning the water 
cooled tool, in the first 100 seconds, the temperature increases to about 100ϨC. After 
that, temperature became stabilized until the end of forming. This result suggested that 
with the water cooling system, the temperature could be effectively controlled at a 
lower level. 
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)LJ&RPSDULVRQRIWRROWHPSHUDWXUH 
 
7RROZHDU 
Tool wear is another challenge in the conventional E-ISF process. After the 
forming experiment, the tool tips were examined as shown in Fig. 11. As can be seen 
in the figure, severe tool wear can be observed from the rigid tool. This is due to the 
high working temperature of the tool. For water cooled rigid tool, the tool wear on tool 
tip is less severe than the case without water cooling. The cooling design and the 
lowered working temperature protected the tool tip from wear. Concerning the roller-
ball tool, as can be seen in Fig. 11(c), shining surface can be observed, which suggests 
negligible tool wear on this surface. For the roller-wheel tool, some wear marks on the 
wheel surface can be observed. This is because, other than the roller-ball, the wheel can 
only rotate in one direction. The wheel may be stuck in the forming process and this 
may cause some stains on the wheel surface. 
 
(a)                                  (b) 
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(c)                                 (d) 
)LJ:HDURQWRROWLSVD5LJLGWRROE:DWHUFRROLQJWRRO 
                F5ROOHUEDOO     G5ROOHUZKHHO  
 
6XUIDFHILQLVKRI(,6)SDUWV 
7KH VXUIDFH ILQLVKHV RI WKH SDUWV JHQHUDWHG E\ GLIIHUHQW WRRO ZHUH H[DPLQHG DV
VKRZQLQ)LJ$VFDQEHVHHQLQWKH)LJDDQGEIRUWKHSDUWVJHQHUDWHGE\
XVLQJWKHULJLGWRROZLWKRUZLWKRXWZDWHUFRROLQJREYLRXVVFUDWFKHVDQGVPDOOGHIHFWV
FDQ EH REVHUYHG 7KHVH VPDOO GHIHFWV PD\ EH FDXVHG E\ WKH HOHFWULF GLVFKDUJH
&RPSDULQJ)LJDDQGELWFDQEHIRXQGWKDWZLWKWKHZDWHUFRROLQJDQGUHGXFHG
ZHDU WKHQXPEHURI VPDOO FDYLWLHV LV UHGXFHG&RQFHUQLQJ WKH UROOHUEDOO WRROJRRG
VXUIDFHILQLVKFDQEHREVHUYHGZLWKRXWREYLRXVGHIHFWVRQWKHVXUIDFH)RUWKHUROOHU
ZKHHOWRROVFUDWFKHVFDQEHREVHUYHGZLWKRXWVPDOOGHIHFWVFRPSDULQJWRWKHFDVHRI
ZDWHUFRROHGWRROLQ)LJE,WFDQEHFRQFOXGHGWKDWWKHKLJKWHPSHUDWXUHDQGWRRO
ZHDUDUHWKHPDLQFDXVHVRIVPDOOGHIHFWVRQWKHVXUIDFH%\HPSOR\LQJWKHUROOLQJWRROV
ZLWKUROOLQJIULFWLRQWKHGHIHFWVDQGVFUDWFKHVFDQEHPLQLPL]HG 
 
                                (a) 
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(b) 
 
(c) 
 
(d) 
)LJ6XUIDFHVRIWKHWUXQFDWHGFRQHVIRUPHGE\GLIIHUHQWWRROV 
(a) 5LJLGWRROE:DWHUFRROLQJWRROF5ROOHUEDOOWRROG5ROOHUZKHHOWRRO 
 
In order to obtain a further understanding of the difference between surface qualities 
obtained, surface roughness of truncated cones formed by different tools were measured 
as shown in Fig. 13 and Table 1. As can be seen in the figure, the worst surface finish 
comes from the rigid tool with a maximum Rz value of 17.2µm. The best result is 
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obtained from the roller-ball tool with a maximum Rz value of 4.6µm. Concerning the 
case of water cooled tool, although the tool wear can be reduced, the scratch on the 
sheet surface is still obvious. The surface finish from the roller-wheel tool is worse than 
the case of the roller-ball tool, but because of the rolling friction condition, the surface 
finish is still better than both cases of the rigid tools. 
 
)LJ6XUIDFHURXJKQHVVRIWUXQFDWHGFRQHVIRUPHGE\GLIIHUHQWWRROV 
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 ZŝŐŝĚƚŽŽů tĂƚĞƌĐŽŽůĞĚƚŽŽů ZŽůůĞƌ ?ďĂůůƚŽŽů ZŽůůĞƌ ?ǁŚĞĞůƚŽŽů 
ZĂ  ? ? ? ? ?  ? ? ? ? ?  ? ? ? ? ?  ? ? ? ? ?
ZƋ  ? ? ? ? ?  ? ? ? ? ?  ? ? ? ? ?  ? ? ? ? 
Zǌ  ? ? ? ? ? ?  ? ? ? ? ? ?  ? ? ? ?  ? ? ? ? ?
 
0LFURVWUXFWXUH 
After forming process, optical microstructures of the truncated cones formed by 
different tools were investigated. As Ti6Al4V is a typical two phase (Įȕ) alloy, Fig, 
14(a) shows the initial microstructure of the sheet. As can be seen from the figure, the 
base matrix FRQVLVWV RI GXSOH[ PLFURVWUXFWXUH ZLWK SULPDU\ HTXLD[HG Į SKDVH DQG
DFLFXODU ȕ SKDVH ZKLFK GLVWULEXWHV LQ WKH LQWHUIDFH RI ]RQDO Į SKDVH. Meanwhile, it 
LQGLFDWHV WKDW WKH FRQWHQW RI Į SKDVH LV KLJKHU WKDQ WKDW RI ȕ SKDVH The optical 
microstructures of the truncated cones formed by different forming tools are shown in 
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Fig. 14(b)-(e). There is no obvious distinction among the four metallographs. From the 
figure, it can be also found that small fraction volume of the matrix (Įȕ) has been 
broken after ISF due to the high pressure provided by the forming tools. On the other 
hand, since the total heating time for each part is only about 10 minutes and the forming 
temperature of the plate during ISF is about 500oC, it is not high enough to reach the 
recrystallization temperature (750oC for Ti6Al4V) and the phase transformation 
temperature (970oC initial for ȕ). These broken grains are not likely to grow and to 
initiate phase transformation. From what have been discussed above, it can be 
concluded that the synthetical mechanical properties of the plate after ISF with different 
forming tools may be improved with the finer grain size, which gives E-ISF another 
advantage.  
 
 
(a) Original sheet   
   
(b)Formed by Rigid tool          (c)Formed by Water cooled tool 
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(d)Formed by Roller-ball tool         (e)Formed by roller-wheel tool 
)LJ0LFURVWUXFWXUHEHIRUHDQGDIWHUIRUPLQJ 
 
'LVFXVVLRQ 
 Based on the investigative work as reported from the above, the E-ISF processing 
of titanium alloy is certainly much more challenging than other types of materials such 
as magnesium and aluminum alloys. ISF processing at elevated temperature is essential 
for achieving sufficient formability and this demands an even more stringent 
requirement for the design and selection of E-ISF tools. However, due to the high 
resistance of titanium alloy, lower current of 200-300A can be used comparing to 
magnesium or aluminum alloys. Thus the electric discharge can be minimized under 
good friction condition.  
By evaluating the sheet microstructure, there is no obvious difference for the parts 
formed by different tools. However, concerning the WRROZHDUDQGVKHHWVXUIDFHTXDOLW\
LW FDQ EH IRXQG WKDW WKH UROOHUEDOO WRRO LV WKH EHVW VROXWLRQ IRU (,6) SURFHVVLQJ RI
WLWDQLXPDOOR\7L$O9&RPSDULQJWRWKHULJLGW\SHWRROWKHUROOLQJIULFWLRQFRQGLWLRQ
HPSOR\HGE\WKHUROOHUEDOOWRROFRXOGDYRLGVHYHUHVFUDWFKHVRQWKHVKHHWVXUIDFHDQG
H[FHVVLYHWRROZHDU&RPSDULQJWRWKHUROOLQJZKHHOWRROWKHXQLYHUVDOUROOLQJGLUHFWLRQ
RIWKHEDOOSURYLGHVH[WUDIOH[LELOLW\,QDGGLWLRQWKLVUROOHUEDOOWRROLVPXFKHDVLHUWR
PDQXIDFWXUHDVFRPSDUHGWRWKHUROOHUZKHHOWRRODQGHYHQWKHZDWHUFRROHGWRRO7KH
EDOODWWKHWRROHQGFDQEHUHSODFHGDWYHU\ORZFRVWZKHQHYHUQHFHVVDU\7KHUROOHUEDOO
WRROVKRZVJRRGSRWHQWLDOLQWKH(,6)DSSOLFDWLRQHowever, a part with vertical wall 
angle cannot be directly processed by using the developed roller-ball tool, which is a 
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potential drawback. The design may be further improved by employing the concept of 
an obsolete roller-ball tool that mentioned in previous work >@.  
 
4 Conclusions 
In this paper, novel E-ISF tools were designed and tested for the improvement of 
surface quality in forming of Ti6Al4V sheet. From the temperature data obtained, it 
was found that with the water cooling design, the tool temperature can be well 
controlled to approximately 100ºC as compared to the forming temperature of over 
500ºC. By changing friction mode from sliding to rolling friction, both roller-ball tool 
and roller-wheel tool show a good performance in terms of improvement of surface 
roughness. The developed tools can be used not only in the E-ISF process, but also 
other hot ISF processes such as laser assisted ISF. 
The conclusions of this work can be summarized as follows: 
1) By reducing the tool temperature through the employment of a water cooled 
system, the tool wear can be reduced and the adhesion of sheet material on the tool tip 
can be minimized. 
2) By employing the roller ball tool, surface scratch and the electric discharge can 
be avoided with much improved surface finish. 
3) The use of the water cooled tool GRHVQ¶W have significant impact on the material 
metallurgical structure. 
,QWKLVZRUNWKHVKHHWIRUPLQJWHPSHUDWXUHZDVPDLQWDLQHGE\PDQXDODGMXVWPHQW
RIFXUUHQWEDVHGRQWHPSHUDWXUHREVHUYDWLRQ,QWKHIXWXUHZRUNDPRUHSUHFLVHFRQWURO
RYHUIRUPLQJWHPSHUDWXUHFDQEHGHYHORSHGE\XVLQJFORVHGORRSFRQWUROV\VWHP 
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